Abstract. The Laser Metal Deposition Shaping (LMDS) is a state-of-the-art technology which correlates the Rapid Prototyping and Manufacturing (RP&M) and laser processing. During this process, a certain alloy is fused onto the surface of a substrate. Laser deposition devices, namely powder feeder, CNC worktable, and laser shutter, are integrated to automatically make any cladding profile possible. Material is deposited by scanning the laser across a surface while injecting metallic powders into the molten pool at the laser focus. The metal part is then fabricated layer by layer. The LMDS system consists of four primary components: energy supply module, motion control module, powder delivery module, and computer control module. These modules of LMDS system individually perform the specified functions, but coordinate with each other. One of them, the control module plays an important role in causing the LMDS system automatic and intelligent. The control module can be divided into hardware and software components. The hardware structure mainly includes industrial computer, motors, and motion control card, which build the overall framework, and are driven by software structure. The software structure, namely the system application program with GUI, can instruct every module of LMDS system to finish the motion cooperatively adjust the processing parameters freely, and fulfill the LMDS technology automatically and intelligently. The hardware and software structures work in harmony with each other, thus flexibly controlling the LMDS system.
Introduction
Over the last two decades more than 30 different layer manufacturing (LM) technologies or "additive processing technologies" based on different technological principles have been developed. The most promising technologies have been engineered to a higher level and are now used for the production of prototypes, parts or models in a great number of applications [1] [2] [3] . LM technologies are divided into rapid prototyping (RP) and rapid manufacturing (RM) technologies, depending on the end use. RP involves the production of prototypes, visual design aids and test parts, while RM involves the production of actual production parts (end products). At present, the market for RM applications is experiencing rapid growth [4] [5] [6] . As one of the RM techniques, direct laser fabrication of metallic components becomes attractive and promising in manufacture industry because metallic parts can be manufactured directly by this method without any tools, dies, or clamps, even further post processing. Laser direct deposition utilizes the similar concept of Selective Laser Sintering (SLS) for metal powder processing. In the process of laser direct deposition, a motion control program, developed from the CAD model of a desired metal component, is used to control the motion of a laser focal spot to trace all areas of the component on a substrate, typically a planar layer at a time. Metal powder, sprayed from powder delivery nozzle and injected into the laser focal zone, is heated to its melting temperature and melted completely. Then the liquid metal solidifies onto the prior deposited layer in the wake of the moving molten pool created by the laser beam, thus forming a layer of metal whose dimension is controlled by laser processing parameters. Simultaneously, the substrate is moved in the horizontal plane beneath the laser beam to deposit a thin cross-section, thereby creating the desired geometry for each layer. After deposition of each layer, the powder delivery nozzle and focusing lens assembly is incremented in the upward vertical direction. As a result, successive layers are then stacked to produce the entire component volume of fused metal representing the desired CAD model, thus building a three-dimensional component by joining of adjacent deposited layers. In nature, this forming procedure is multi-layer laser cladding. The parts made by laser direct deposition need no intermediate procedure and equipment, therefore saving more time and expense than those by other manufacturing techniques, including SLS. It is expected that much less porosity will occur in the bulk and an ideal density can be obtained. The advantage of laser-aided rapid solidification will be taken to give rise to the finer grains and less macro segregation in the microstructure of the as-deposited parts, so the mechanical properties of the parts might be even higher than those of which are made by conventional methods. Single step processing by direct laser fabrication produces cost savings realized by elimination of conventional multi-step thermo-mechanical processing [1] [2] [3] [4] [5] [6] [7] . Design features such as internal cavities or over-hanging features can be made without joined assemblies. Hard-to-machine materials such as intermetallics, refractory metals, and superalloys can be processed in a single step. Functionally graded compositions can be created within three-dimensional components to vary the properties to match localized requirements due to the service environment [8] .
With such considerable advantages, this technique has been successfully pursued and developed at Shenyang Institute of Automation Chinese Academy of Sciences, thus resulting in the Laser Metal Deposition Shaping (LMDS) process. In order to realize the automatic and intelligent control during LMDS technology, more detailed information on the control module, an important part of the LMDS system, is presented in this paper.
Computer Control Module
Components and Functions. The LMDS has a number of advantages over previous RP&M techniques including more robust deposition, more accurate placement of the deposited material and the ability to produce functional gradient materials by simply mixing powders during deposition. The LMDS process is very similar to laser cladding or laser welding in which the laser forms a molten pool on the substrate into which metal powder is injected. The injected powder fuses onto the substrate as the laser scans over the part, leaving a bead of deposited material in its wake. Because material is deposited only where the laser strikes the surface and the laser can be positioned accurately, it is easy to selectively deposit material only where necessary and reduce machining time in subsequent processing operations. The real photograph and schematic illustration of the LMDS system are presented respectively in Figure 1 (a) and 1(b). The LMDS system consists of four primary components: energy supply module, motion control module, powder delivery module, and computer control module. The computer control module consists of two components: software and hardware. The software, known as the system application program, produces a CLI (Common Layer Interface) file from a CAD solid model, and then orderly achieves the entire component shaping process according to the CLI file. The software provides a graphical user interface (GUI) for the control of CAD data processing, the motion of the stage, and powder regulation, as well as controls the safety and processing shutters. The hardware mainly includes an industrial computer, several motors, and a PCI-1240 motion control card exploited by Advantech Co., Ltd. in Taiwan. The entire computer control process is described in Fig. 2 .
Fig. 2 Rendering showing the computer control process
The high integration of LMDS technology determines the key status of control module in entire system. According to the technical requirement and theory of LMDS, the control module of LMDS system should possess the following functions:
1. Realtime control for the laser switch operation and laser power; 2. Realtime control for the shutters of laser shutter and calibration laser; 3. Precise control for horizontal x-y axes and vertical z axis; 4. Precise control for the two individual stepper motor of coaxial powder feeder; 5. Realtime monitor for the temperature of as-deposited metal parts and laser molten pool; 6. Simulation function for laser manufacturing process; 7. Functions for the processing parameters storage and power fail safeguard. Hardware Structure. According to the functional analysis of control module of LMDS system, the hardware structure of control module is illustrated in Fig. 3 .
In LMDS system, the industrial control computer is selected as the host. Not only has it the personal computer functions, such as data processing, graph display, but possesses the strong anti-interference ability and compatible open bus structure. Accordingly, the industrial control computer with high performance is preferentially chosen.
The x-y-z axes completing 3D motion, u-v axes controlling powder feeding accuracy, and w axis controlling worm of regulating transformer are all driven by hybrid stepper motor. The hybrid stepper motor is widely applied in the industrial control, and has many specific merits. In case the z axis keeps on falling freely after system shutdown, which can cause the collision between powder nozzle and worktable, the parking brake mechanism is mounted on the hybrid stepper motor of z axis. Therefore, the assembly equipment would not glide by the action of gravity because the z axis is holden tightly after system shutdown. Moreover, x, y, and z axes are all equipped with the zero position and limit proximity switches. The zero position switch is employed to make the system return to the zero position as long as it reboots, and the limit switch can avoid the damage of worktable due to unexpected overtravel. Typically, the PCI-1240 motion control card, installed in the PCI slot of industrial computer, is applied to adjust the movement of above-mentioned six axes.
Fig. 3 Schematic of the control module of LMDS system
The two motors of the powder feeders are driven by PCI-1240 motion control card. The specified powder flow rates are set in the computer according to the calibration information of the powder flow rates. The required chemical composition of the deposited metal part is determined by the combination of the two different powder feeders. The cladding profile is determined by processing parameters, such as laser power, scanning velocity, spot diameter and powder flow rate, and so on. Hence, the flow rates of the powder feeders must be specified, and then the percentage of the powders delivered by respective feeders can be entered into the computer. Therefore, the powder flow rate of each powder feeder can be calculated. The motor speed can then be calculated and transmitted to the PCI-1240 motion control card to deliver the required powder into the laser generated molten pool.
The CNC workstation is communicated with the computer through the PCI-1240 motion control card. First, the program opens a CLI file to read layered data, and then drives the worktable according to the generated scanning path and processing layout information, so the desired fully-dense part can be deposited point by point, line by line, and layer by layer.
In addition, the power switches of laser, light shutter, calibration laser and oscillator etc are all completed by I/O control card. The collection of temperature signal is realized by serial communication. The facilities required to fulfill this process are ten platinum-rhodium thermocouples, a signal collector ADAM-4018 and a photoelectric isolating converter, which are both produced by Advantech Co., Ltd. in Taiwan. The acquisition of laser power is also achieved through serial port. The realtime acquired laser power is used to be compared with the target power, thus realizing the constant adjustment of laser power.
Software Structure. The entire part fabrication process with LMDS system can be finished automatically without manual intervention. The soft structure is the important component of LMDS system, and the quality and efficiency of software will directly influence the performance of whole control module. Accordingly, only under the guidance of software engineering thought, can the control software be developed with reliable performance and perfect functions. Through the analyses of functional requirements of control software, processing characteristics of LMDS, and hardware traits of control module, the function and structure of control software are designed, as shown in Fig.  4 .
The main goal of software structure is to intelligently control the LMDS system by drive the hardware devices, and ensure that the LMDS process can be performed automatically.
The most direct relations to fabrication motion process are the initialization operation of motion control card, the read of CLI files, and the setting of processing parameters. Before the initialization of motion control card, the parameters of every axis need to be correctly configured. Besides, the confirmation of parameters would depend on the hardware structure. Once the parameters are precisely input and stored in the form of files, it has usually no need to be rectified. The initialization of motion control card must be operated at the beginning of software execution every time, or the system would not work. The CLI files record the slicing data of parts and the outline and filling line information of every slice, which is the basis of tooling path, thus determining the shape of parts. The processing parameters include powder feeding rate, scanning speed, laser power, scanning space, etc, which are optimized through the adequate experiments. Fig. 4 Schematic of software structure and function Furthermore, the monitoring apparatus for fabrication temperature, laser power, and deposition process monitoring are also closely related to fabrication motion process. The fabrication temperature monitoring can realtime monitor the temperature and shape of molten pool, and even the integral temperature gradient variation of as-deposited parts. The laser power monitoring can make the output power vary only in a very small range. The deposition process monitoring can realtime measure the various condition information in the fabrication process, and offer the functions of fault diagnosis, processing parameters storage, and power failure protection, etc. 
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Besides, the control module of LMDS system has many auxiliary function operations, such as the detection of system function condition, the accurate position adjustment of powder nozzle, the fabrication test of basic shape, supplementary movement, and so on. These functions play an important role in the normal system operation, fabrication processing experiments, and fine system adjustment. The software operation interface is demonstrated in Fig. 5 .
Summary
A direct laser metal deposition process has been incorporated into the LMDS system. In principle this technique is a laser cladding process with the goal to build three dimensional structures rather than coat a surface. The LMDS process is not restricted by the material and shape of the deposited metal powder. The modules of LMDS system individually perform the specified functions, but coordinate with each other. Among them, the control module is very significant to realize the automatic and intelligent control for LMDS system. The design and structure of the control module are presented in detail. The hardware structure mainly includes industrial computer, motors, and motion control card, which build the overall framework, and are driven by software structure. The software structure, namely the system application program with GUI, can instruct every module of LMDS system to finish the motion cooperatively adjust the processing parameters freely, and fulfill the LMDS technology automatically and intelligently. The hardware and software structures interact with each other, which causes the LMDS system flexible and facile.
